INTRODUCTION
During mammalian evolution, brain regions were dynamically adapted by selective growth and expansion with a high degree of specificity. An impressive example is the expansion of the mammalian neocortex resulting in profound gyrification to accommodate an enormous increase in neuronal cell numbers (Lui et al., 2011) . Notably, distinct brain regions can be expanded selectively in specific species, such as for example the auditory cortex in bats (Krubitzer, 2007; Martínez-Cerdeñ o et al., 2012) . However, the mechanisms regulating evolutionary changes in size of specific brain regions still remain poorly understood.
Regulation of specific stem and progenitor cells during development is closely linked to control of the size of brain regions (Krubitzer, 2007; Fish et al., 2008; Borrell and Reillo, 2012) . In particular, expansion of regions within the cerebral cortex occurs in two dimensions: tangential and radial growth (Rakic, 1995) . Tangential growth is mediated by expanding neural stem cell (NSC) populations, such as neuroepithelial and radial glial cells (RGs), anchored at the apical surface in the ventricular zone (VZ) (Gö tz and Huttner, 2005) . To increase the number of neurons per area, radial growth is achieved by either a prolonged phase of neurogenesis or through addition of germinal layers beyond the VZ (Rakic, 1995) , such as the subventricular zone (SVZ) that is further expanded to an inner and outer SVZ (iSVZ and oSVZ, respectively) in the cerebral cortex of mammals with a larger neocortex, including primates (Smart et al., 2002; Lui et al., 2011; Borrell and Reillo, 2012) . In the murine cerebral cortex, the SVZ largely comprises basal progenitors (BPs), which increase the number of neurons generated per time and area (Gö tz and Huttner, 2005) . Besides increased numbers of BPs, additional RGs that have lost their apical anchor and are only connected to the basement membrane (BM) are incorporated in the SVZ (Smart et al., 2002; Fietz and Huttner, 2011; Lui et al., 2011; Reillo et al., 2011; Borrell and Reillo, 2012) . Intriguingly, high numbers of such basal radial glia (bRG) correlate with a high gyrification index of the cerebral cortex (Fietz et al., 2010; Hansen et al., 2010; Lui et al., 2011; Reillo et al., 2011; Reillo and Borrell, 2012) . In contrast, only few bRG are present in the SVZ of lissencephalic cerebral cortices with a smooth surface (Reillo et al., 2011; Shitamukai et al., 2011; Wang et al., 2011) . Notably, the ventricular surface of gyrated brains is smooth, whereas the basal surface is folded due to an increase in gray and white matter comprising neurons and glia . Therefore, gyrification reflects coordination of radial expansion and lateral dispersion of neurons in the cortical plate (CP), which is in profound contrast to a mere overproliferation resulting in an overall folded epithelium (Chenn and Walsh, 2002) . This highlights how tangential, radial, and lateral expansion modes must be coordinated during cerebral cortex development and gyrification. Thus, a fascinating question in brain development and evolution is how such complex processes are regulated at the molecular and cellular level. We set out to search for regulators of radial glia (RG) fate in an unbiased manner by genome-wide expression analysis of RG subpopulations that differ in the generation of BPs (Pinto et al., 2008) . The screen was confirmed by the transcription factor AP2g (identified at higher levels in RG generating BPs) that promotes the generation of BPs (Pinto et al., 2009) . In order to identify regulators promoting the maintenance of RG rather than the generation of BPs, we selected a gene with higher expression in the subset of RG generating few BPs for further analysis: Trnp1 (formerly known as 2300002D11Rik; Pinto et al., 2008) . TMFregulated nuclear protein Trnp1 has so far only been described as a nuclear protein in immortalized cell lines (Volpe et al., 2006) ; however, its in vivo function remained unknown. Intriguingly, Trnp1 sequence is very different in nonmammalian vertebrates, whereas it shows clear sequence conservation among mammals (86% in human-mouse orthologs). Because its protein sequence does not carry any known motif or domain (Volpe et al., 2006) and Trnp1 has, to our knowledge never been studied during development or in any in vivo context, we examined first its expression and then its function in the developing cerebral cortex.
RESULTS

Trnp1 Is Specifically Expressed in a Subset of RG and in Newborn Neurons during Cerebral Cortex Development
We generated a specific antibody against Trnp1 (Figures S1A-S1D available online) and examined its localization in the developing forebrain from embryonic day 10 to 18 (E10-E18). Trnp1 was exclusively localized to the nucleus in apical progenitors (APs) in the VZ and newborn neurons in the CP ( Figure 1A) . Interestingly, Trnp1 immunoreactivity decreased significantly during development with virtually all cells in the VZ being Trnp1+ at E10 to no detectable immunoreactivity at E18, the end of neurogenesis ( Figures 1B-1F ). We noted some degree of cellular heterogeneity in Trnp1 immunoreactivity that remained higher in a subset of Pax6+ RG in the VZ, whereas virtually no Tbr2+ BPs in the SVZ expressed Trnp1 ( Figures  1J-1K 0 ). This is consistent with our previous results identifying lower levels of Trnp1-mRNA expression in RG generating BPs (Pinto et al., 2008) . Thus, Trnp1 is expressed in an everdecreasing subset of Pax6+ cells in the VZ, suggestive of an expression in self-renewing NSCs whose number declines during development.
Notably, also the expression of Trnp1 in neurons (as confirmed by double staining with the neuronal marker Tbr1) was transient and vanished within the first postnatal week ( Figures 1G, 1H , 1L, and 1L 0 ). At later postnatal stages and in the adult brain, virtually no Trnp1 immunoreactivity was detectable except for one region of adult neurogenesis: the subependymal zone (SEZ) of the lateral ventricle from where newborn neurons migrate via the rostral migratory stream (RMS) to the olfactory bulb (OB; Figures  1I and S1E-S1G). However, cells in the other neurogenic niche, the dentate gyrus, did not express Trnp1 ( Figure S1H ). Taken together, Trnp1 protein expression is highly restricted to the phase of neurogenesis and Trnp1 remains expressed in the adult neurogenic region with the highest amplification and neuronal output.
Trnp1 Increases Proliferation of Neural Stem Cells In Vitro
Because the aforementioned expression pattern suggested a potential role of Trnp1 in neural stem or progenitor cells, we aimed at determining its function by gain-and loss-of-function approaches. Toward this aim, we cloned Trnp1 cDNA into a bicistronic retroviral vector with the chicken b-actin (CAG) promoter driving the expression of Trnp1 and GFP linked by an internal ribosomal entry site (IRES) (see Heinrich et al., 2011; Figure S2A) . After confirmation of reliable coexpression of GFP and Trnp1 by immunostaining ( Figures S2B and S2C ), we utilized this virus to overexpress Trnp1 in progenitor cells from dissociated cultures of the E14 cerebral cortex. By use of less than 25 viral particles per well, we ensured clear separation of clones representing the progeny of initially a single infected cell (note that retroviral vectors only integrate into dividing cells; Haubst et al., 2004; Costa et al., 2008) . Interestingly, clones transduced with Trnp1 virus contained more than double the number of cells as compared to clones infected with the control virus 7 days posttransduction (Figures 2A-2C) , suggesting a profound increase in proliferation.
To determine the composition of these enlarged clones, we stained for the neuron-specific protein bIII-tubulin, and progenitor and glia markers Nestin and GFAP (Figures 2A, 2B, S2D, and S2E) . This allowed distinguishing (1) NSC clones (clones with ''mixed'' identity comprising bIII-tubulin+ neurons and bIIItubulinÀ glia or progenitor cells); (2) neuronal clones (all cells bIII-tubulin+); and (3) nonneuronal clones (comprising glial and progenitor cells, but no bIII-tubulin+ cells) (Figures 2A, 2B , and 2D). Trnp1 overexpression significantly increased the percentage of mixed, stem cell clones at the expense of pure neuronal clones ( Figure 2D ). Interestingly, the proportion of nonneuronal clones was not increased, suggesting that high levels of Trnp1 do not suppress the generation of neurons per se but, rather, increase self-renewal of NSCs still allowing neurogenesis to occur. Consistent with this, clone size selectively increased in mixed clones, whereas purely neuronal or purely nonneuronal clones were not affected by Trnp1 overexpression ( Figure 2E ). In order to gain further insights into the mechanism by which the mixed clones increase in size, we used continuous live-cell imaging as described before by Costa et al. (2008) and Asami et al. (2011) . Although most cells infected with the control virus generated largely postmitotic daughter cells after two or three rounds of division ( Figures 2F, 2H , and 2I), Trnp1-transduced cells still gave rise to proliferating progeny after six rounds of cell division ( Figures 2G, 2H , and 2J). Thus, clone size increased due to an increased rate of cell-cycle reentry and symmetric proliferative divisions, whereas the average cell-cycle length was not affected (18.9 hr in control and 18.4 hr upon Trnp1 overexpression). Taken together, these results suggest a role of Trnp1 in cell fate regulation, with high levels of the protein promoting NSC fate maintaining their proliferative potential and inhibiting symmetric terminal divisions that give rise to neuron-only clones (see Costa et al., 2008; Asami et al., 2011 Figures 3A-3D 0 ). Quantification confirmed that the majority of Trnp1-electroporated cells (56%) still resided in the VZ and SVZ ( Figures 3D, 3D 0 , and 3G) even 3 days after electroporation, whereas most control-electroporated cells had left the VZ (Figure 3C , bottom). Because many cells in the VZ were weakly GFP+ upon Trnp1 overexpression (suggestive of a high proliferation rate and dilution of the electroporated plasmid and protein; Figure 3D , bottom), we examined the proportion of cells in S phase based on their incorporation of the pyrimidine analog bromodeoxyuridine (BrdU) 1 hr before sacrifice. Remarkably, Trnp1 overexpression led to a significant 33 increase in proliferating (BrdU+) cells compared to the control ( Figures 3E, 3F Figures 3A-3B 0 ) by increasing Pax6+ apical NSCs and reducing the generation of Tbr2+ BPs in vivo. This finding is consistent with the endogenously higher expression levels of Trnp1 in RG that do not generate BPs (Pinto et al., 2008) and with our in vitro findings of Trnp1 promoting self-renewal of NSCs (Figures 2D and 2E) .
Knockdown of Trnp1 Increases the Number of BPs and Leads to Radial Expansion of the Developing Cerebral Cortex In Vivo
To determine if Trnp1 is also necessary for RG self-renewal in vivo, we cloned three different small hairpin RNAs (shRNAs) targeting the 3 0 UTR of Trnp1 mRNA into pSUPER.GFP (expressing both the shRNA and GFP; Figure S3A ). Western blotting and immunostaining identified shRNA #1 and shRNA #5 as most effective in reducing Trnp1 protein levels (Figures S3B and S3C), which were then used for in utero electroporations. In pronounced contrast to overexpression, knockdown of Trnp1 at E13 resulted in a significant increase in the proportion of cells located in the CP 3 days after electroporation (Figures 4A-4B 0 and 4F). Interestingly, in 13 of 14 electroporated embryos (Table  S1 ), we observed a clear radial expansion of the developing cerebral cortex in the electroporated region as compared to the nonelectroporated hemisphere and to controls (compare Figure 4A 0 with 4B 0 ; see Figures S3D-S3F 0 for additional examples). As predicted, the number of Pax6+ APs was reduced 3 days after electroporation of either shRNA ( Figures 4H and S4D ), whereas the proportion of Tbr2+ BPs was significantly increased with both shRNA #1 and shRNA #5 ( Figures 4C-4E , 4I, and S4E). This also explains why the overall number of proliferating cells is unchanged ( Figure 4G ). Notably, the increased number of BPs correlated with a thicker SVZ (compare Figure 4A 0 with 4B 0 ; and see Figures S3D-S3F 0 ). To our surprise, Tbr2 immunoreactivity revealed a wide scattering of some Tbr2+ cells toward very basal regions ( Figure 4E ) reminiscent of the expanded, diffuse Tbr2+ band described in the oSVZ of ferrets, macaques, and humans Martínez-Cerdeñ o et al., 2012; Bayatti et al., 2008) .
As further control for the specificity of the observed effects, we aimed at rescuing the increased generation of Tbr2+ BPs upon RNAi by coexpressing an shRNA-resistant form of Trnp1 (lacking the targeted 3 0 UTR of Trnp1, which we tested for shRNA resistance before; see Figure S3B 0 ). Electroporation of shRNA against endogenous Trnp1 with simultaneous expression of shRNA-resistant Trnp1 was able to rescue the increase of Tbr2+ BPs to a level comparable to the control situation (Figures 4I-4J 0 ). Importantly, radial expansion of the cortex was also prevented in five out of five rescue-electroporated embryos, thereby clearly demonstrating the specificity of the effects observed upon Trnp1 knockdown. These results strongly support the previously described role of BPs in radial expansion of the neocortex (Haubensak et al., 2004; Farkas et al., 2008; Fietz and Huttner, 2011; Borrell and Reillo, 2012) and identify Trnp1 as a nuclear regulator of this process.
Trnp1 Knockdown Leads to Increased Production of bRG and Subsequent Gyrification of the Cerebral Cortex
Given the radial expansion and increased number of Tbr2+ cells after Trnp1 knockdown, we asked to what extent also bRG may be increased under these conditions. bRG are characterized by their expression of Pax6, the location of their nucleus in the outer (basal) area of the SVZ, together with the lack of an apical process (Fietz et al., 2010; Hansen et al., 2010; Reillo et al., 2011; Shitamukai et al., 2011; Wang et al., 2011) . Remarkably, after Trnp1 knockdown, many Pax6+ cells were found to be located in basal SVZ areas beyond the dense band of Tbr2+ cells (Figures 5A -5B). These cells were clearly separated from the VZ where the vast majority of Pax6+ cells are normally located in the murine brain. Consistent with a bRG identity, these cells possessed a long basal but no apical process (Figures 5C and 5C 0 ) and were clearly different from VZ RG and also from SVZ BPs, which are multipolar. These cells are RG and undergo proliferation as indicated by the phosphorylation of vimentin in M phase ( Figure 5D ). Quantification and comparison with the nonelectroporated (control) hemisphere of the same brain section further confirmed the significant (more than three times) increase of basal Pax6+ cells located beyond the dense Tbr2+ band (Figure 5E ). Their bRG identity was further corroborated because most (two out of three) were Tbr2À/Pax6+ upon Trnp1 knockdown, whereas in control, only a minority of the few Pax6+ cells at these basal positions are Tbr2À ( Figure 5F ). To follow these bRG by live imaging, we sliced cerebral cortices electroporated with shRNA against Trnp1 together with constructs to clonally label the cytoplasm with EGFP and the membrane with mKO2-F (Shitamukai et al., 2011) . Brains were sliced 24 hr after electroporation, and live imaging was performed to visualize the processes of dividing cells as previously described by Shitamukai et al. (2011) . Interestingly, already 24 hr after electroporation of shRNA targeting Trnp1, many labeled cells had delaminated and lost their apical but still retained a basal process. When following these cells more closely, we could clearly observe bRG undergoing cell division in the typical mode with the basal daughter cell inheriting the basal process ( Figure 5G ).
Because the increased number of bRG provides additional guides for radially migrating neurons, this typically results in a fanning out of such processes in gyrated cerebral cortices (Lui et al., 2011; Reillo et al., 2011; Borrell and Reillo, 2012) . Indeed, RC2 immunostaining revealed the general trajectory of RG processes in the Trnp1shRNA-electroporated cerebral cortex demonstrating that radial fibers fanned out when entering the CP ( Figures 5H and 5H 0 ). Most strikingly, we even observed folding of the neocortex within the electroporated area in about 63% of the cortices electroporated with shRNA against Trnp1 at E13 ( Figures 5I-5L 0 ; Table S1 ; n = 24). These folds were notably different from neuronal ectopias such as observed in cobblestone lissencephaly (also known as lissencephaly type II) because the BM was fully intact in case of Trnp1 knockdown ( Figures S4F-S4F 00 ), and both sulci and gyri could be followed from rostral to caudal levels (see Figures 5I-5I 00 ). Figures 5I-5I 
00
show a brain 3 days postelectroporation with small sulci at more rostral levels ( Figure 5I ) developing into a more extended fold at further caudal regions (Figures 5I 0 and 5I 00 ). Most importantly, analysis of long-term survival of shRNA-electroporated brains showed increasing gyrification with several macroscopic folds apparent at postnatal stages ( Figures 5K-5L 0 ), demonstrating that these are not transient structures but further enlarge during development. Remarkably, we observed a higher frequency of folding in cerebral cortices left to develop into postnatal stages after electroporation with Trnp1 knockdown (Table  S1 ). This suggests that the brains without visible folds at E16 either did not yet have sufficient time to develop bigger folds, or they were missed and interpreted as ''only'' expansion due to sectioning limitations such as the angle of cutting. However, even without considering such cases, the overall efficiency of emerging folds upon knockdown of Trnp1 still comprised twothirds of all brains (Table S1) , representing an amazing frequency given the normally lissencephalic nature of the murine cerebral cortex.
Given the high frequency of such folds developing in the cerebral cortex upon Trnp1 knockdown, we set out to observe this also by live imaging. The brains were sliced 24 hr after electroporation with shRNA (plus pCAG-GFP for better visualization of the cells) or pCAG-GFP alone as a control, and low-magnification imaging was performed 48 hr later. Following the overall development of the tissue and cells upon Trnp1 knockdown (Movie S1) allowed visualization of a strikingly fast and robust radial and lateral movement of many GFP-labeled cells that followed the paths of additional bRG fibers (compare Movies S1 and S2; see postimaging 3D reconstruction in Movie S3 and Nestin staining in Figures S4G-S4G 00 ; both showing the slice shown in Movie S1). Additionally, these movies confirmed the increase in delamination from the apical surface and increased proliferation at more basal positions (Movie S4) and also revealed a rather fast migration of newborn neurons upon Trnp1 knockdown (Movie S1 compared to Movie S2). Thus, live imaging revealed several coordinated cell biological events contributing to an apparent gyrification in the murine cerebral cortex.
Because delamination of cells occurred almost too fast to visualize this by live imaging, we returned to still analysis in sections and examined the cleavage plane of APs, as increased oblique or horizontal cell divisions had been previously shown to result in increased bRG production (Shitamukai et al., 2011) . Consistent with this, 24 hr after shRNA electroporation, we observed a clear shift toward horizontally oriented cleavage angles, thus generating daughter cells lacking an apical contact prone to delaminate from the ventricular surface ( Figures S5A  and S5B ). Taken together, downregulation of Trnp1 leads to cortical expansion and folding in a dual mode. First, reduced Trnp1 levels lead to delamination and increased generation of both BPs and bRGs. This results second in increased production of neuron numbers as well as increased bRG fibers that serve as guiding structures. Altogether, such processes cause a lateral dispersion of higher neuron numbers within the CP and ultimately lead to folding of the otherwise lissencephalic murine cerebral cortex.
Trnp1 Is Tightly Associated with DNA and Is Involved in Transcriptional Activation
Given the exciting cell biological functions of Trnp1, we examined its localization within the nucleus more closely to gain insights into its molecular function. Endogenous Trnp1 is homogeneously distributed in euchromatin regions but not detectable in heterochromatin (Figures S5C and S5D ). However, in contrast to most transcription factors that dissociate from chromatin in M phase, Trnp1 remained tightly associated with condensed chromosomes during mitosis in vivo and in vitro (Figures S5E, S5F, and S5I-S5I 00 ). In standard SDS-PAGE analysis, recombinant Trnp1 appears in different bands with a relative molecular weight ranging from 23 to 30 kDa ( Figure S1C ). This pattern is also observed when endogenous Trnp1 is isolated from brain tissue ( Figures S5G  and S5H ). To test the stringency of Trnp1-DNA interaction, we used an acidic lysis protocol generally used to release basic proteins such as histones from DNA. Strikingly, acidic lysis was not stringent enough to release Trnp1 protein from the nuclear fraction of the developing cerebral cortex at E14. Despite successful release of histones, Trnp1 still remained in the insoluble fraction ( Figure S5G ). Interestingly, a GFP-fusion construct of Trnp1 no longer showed the strong DNA association of Trnp1 ( Figures  S5J-S5J 00 ), possibly due to structural alterations of the protein. This fusion protein was also no longer functional because electroporation of the Trnp1-GFP fusion construct was not able to reproduce the overexpression phenotype ( Figures S5K  and S5L ). We thus conclude that the tight DNA association is essential for the molecular function of Trnp1.
Given the role of Trnp1-DNA interaction, we next examined to what extent changes of Trnp1 levels directly affect the transcriptome. We collected RNA from GFP+ cells (isolated by fluorescence-activated cell sorting [FACS] ; see Figures S6A-S6B 000 ) 22-24 hr after electroporation at E13. A gene expression analysis on Affymetrix Gene ST 1.0 arrays revealed a total of 152 differentially expressed probe sets (44 upregulated, 108 downregulated) upon Trnp1 downregulation as compared to control-electorporated samples (p < 0.01, fold changes of >1.5, and average expression >50 in at least one group; Figure 6B ). Notably, Trnp1 mRNA was significantly downregulated with a linear ratio of knockdown versus control of 0.76 (p < 0.01) ( Figure 6A ), and random samples of the differentially expressed genes were confirmed by qPCR ( Figure S6C ). Trnp1 knockdown predominantly resulted in reduced gene expression levels. Gene Ontology term analysis showed a significant (p < 0.01) enrichment of terms related to transcriptional regulation (e.g., DNA binding, transcriptional repression or activation, RNA metabolic processes, regulation of gene expression). Specifically, downregulation of Trnp1 resulted in an early response of (1) bHLH transcription factors that play a role in neural differentiation such as NeuroD1/NeuroD2/NeuroD6 and Rnd2; (2) chromatin-remodeling factors such as Chd7, Bmi1, Nuak1, and Smarca5; and (3) histone variants (Hist3h2a, Hist4h4, Hist1h4f, Hist1h4c), which (except for Chd7) were all downregulated. Importantly, no celltype-specific genes were altered, showing that the time point of analysis (22-24 hr after shRNA electroporation) was sufficiently early to exclude secondary effects based on altered cellular compositions (e.g., apical [Pax6+] or basal [Tbr2+] progenitors). Thus, the observed changes reflect early alterations in gene expression upon Trnp1 knockdown revealing the role of this nuclear protein in activating transcription either directly or indirectly in tight association to euchromatin.
TRNP1 Is Expressed in the Human Developing Brain with Local Differences Correlating with Gyrification
Given the profound effect of Trnp1 on gene expression and the aforementioned phenotype with high levels provoking tangential and low levels resulting in radial expansion, we asked whether Trnp1 may also be expressed in the same layers in the developing human cerebral cortex. In situ hybridization of cerebral cortex sections obtained from specimen at gestational weeks (gws) 12, 18, and 21 (times of early to very late cortical neurogenesis, respectively; Rakic, 1995) revealed a highly specific signal of TRNP1 mRNA in the developing human brain (no signal was detectable using sense riboprobes; data not shown). Reminiscent of its expression pattern in the murine cerebral cortex, we observed high expression levels in the VZ and in neurons in the CP with rather low expression in the SVZ, where BPs and bRGs are located ( Figures 6C-6G) . Interestingly, we noted regional differences of TRNP1 expression in the VZ, which were more pronounced at gws 18 and 21 (see Figures 6D and  6E for an overview). Lower levels of TRNP1 were found in germinal layers of cortical areas that are known to undergo greater expansion and folding later during development, such as the occipital ( Figures 6D and 6D 0 ) and temporal lobes ( Figures  6E, 6E 0 , and 6F), whereas higher levels of TRNP1 were observed in cortical regions that will undergo little radial expansion and folding, such as the precentral ( Figures 6D and 6D 00 ) and parahippocampal gyri ( Figures 6E, 6E 00 , and 6G). These data suggest that TRNP1 plays a central role in mammalian brain development, and differential regulation of its expression levels may be crucial to define the patterns of cortical folding observed in gyrated brains.
DISCUSSION
In this study, we identified Trnp1 as a regulator of mammalian brain development and as a key factor controlling neocortical expansion. Trnp1 levels have striking effects on tangential, radial, and lateral expansion of the cerebral cortex (summarized See also Figure S3 and Table S1 . in a model in Figure 7 ). Raising the levels of Trnp1 by overexpression promotes self-renewing RG cell fate, thereby increasing the pool of apically anchored stem cells and causing a tangential expansion of the electroporated region within the murine cerebral cortex ( Figures 7A and 7A  0 ) . Conversely, lowering the levels of Trnp1 increases the generation of both BPs and bRGs, thereby causing a considerable radial expansion including the formation of gyrus/sulcus-like structures with lateral dispersion of neurons in the CP ( Figures 7B and 7B 0 ). Thus, Trnp1 is shown to regulate the generation of apical RG (aRG) versus bRG and BPs at the same time. Therefore, Trnp1 qualifies as a master regulator of RG fate. Furthermore, its manipulation provides a mouse model for gyrification, allowing studying such processes also at the cellular and molecular level.
Mechanisms of Trnp1 Function
Overexpression and knockdown experiments suggest that the levels of Trnp1 expression are crucial for the regulation of tangential versus radial expansion and the choice between apical or basal RG. Importantly, endogenous levels of Trnp1 differ between different subsets of RG: RG generating (Tbr2+) BPs express lower levels of Trnp1, which was the basis for its previous identification by Pinto et al. (2008) . Conversely, self-renewing apical RG have higher Trnp1 levels, and their decreasing number during development is reflected by reduced numbers of Trnp1+ cells in the VZ. A role for high levels of Trnp1 in promoting self-renewal of RG was further evident by overexpression in vitro with self-renewing NSCs expanding by cell-cycle reentry and symmetric proliferative divisions and in vivo with increasing Pax6+ and BrdU-incorporating cells in the VZ. Trnp1 overexpression also enhanced proliferation in a breast cancer cell line by promoting G1/S transition (Volpe et al., 2006) , suggesting that Trnp1 may act at various levels in regulating proliferation. Indeed, we showed here that it also affects the orientation of cell divisions in the developing cerebral cortex.
However, Trnp1 is also expressed in postmitotic young neurons, and despite its relevance in regulating proliferation, it is important to note that Trnp1 is not generally expressed in all proliferative cells. It is absent in highly proliferative cell lines such as HEK, NRK, or ES cell-derived neural progenitors (data not shown), in BPs and in glial progenitors in vivo and in vitro (data not shown). Thus, Trnp1 is a key regulator of cell fate controlling specific aspects in stem or progenitor cells rather than serving as a common regulator of proliferation.
Trnp1 appears to require extraordinarily strong DNA interaction for its intriguing functions. Although endogenous Trnp1 remained associated with condensed chromosomes during mitosis (contrary to most transcription factors), a Trnp1-GFP fusion protein dissociated from the chromatids during mitosis. The fusion construct could not promote the increase in Pax6+ NSCs but rather exhibited a partial loss-of-function phenotype in vivo, suggesting that this fusion protein may also interfere with the function of the endogenous protein. This effect may be mediated by the formation of helix bundles with the endogenous Trnp1. The central part of the protein contains either one long or multiple short helices (whereas the Nand C-terminal ends are rather unstructured as revealed by in silico analysis) and a strikingly high number of arginines (10%) resulting in its highly basic nature (PI around 12). A similarly high proportion of arginines is found in the protein sequence of UTF1 (van den Boom et al., 2007) , which has the capacity to affect chromatin compaction (Kooistra et al., 2010) . Intriguingly, genome-wide expression analysis after knockdown of Trnp1 revealed that many of the differentially regulated genes are involved in chromatin regulation, for example chromatin remodeling factors such as Smarca5, Bmi1, Chd7, ccdc101, and several histone variants (Table  S2 ). In addition, mRNA levels of some transcription factors of the NeuroD or zinc finger families were altered (Table S2) . Importantly, none of the classical hallmarks for cell or progenitor types was altered in expression in this analysis, demonstrating that we do not monitor the outcome of cell fate changes but rather the very first targets of Trnp1 regulated by its tight association with DNA and chromatin.
Gyrification in the Mouse Cerebral Cortex
Beyond its molecular functions, manipulating Trnp1 levels in vivo resulted in dramatic alterations in mouse cerebral cortex development, culminating in gyrus formation in the brain of this naturally lissencephalic animal. The development of gyrification involves generating a very large number of neurons per ventricular surface area (i.e., per apical RG; radial expansion) and providing these cells with the adequate scaffold to translate their radial migratory movement into lateral dispersion in the CP. In gyrated mammals, this radial expansion and lateral dispersion of neurons is achieved by a dramatic increase in neurogenic progenitor cells and the massive formation of bRG in the oSVZ, which are critical to lead radially migrating neurons into lateral dispersion (Dehay and Kennedy, 2007; Borrell and Reillo, 2012) . Remarkably, knockdown of Trnp1 alone was sufficient to induce a rapid progression from apical RG into both BPs and bRG in vivo in the mouse cerebral cortex. In contrast to the normally rather inefficient generation of bRG in the murine cerebral cortex (Shitamukai et al., 2011; Wang et al., 2011) , the generation of unusually large numbers of BPs and bRGs after Trnp1 knockdown leads to the formation of a thickened SVZ resembling the (G) Sequences of a time-lapse movie following a dividing bRG in a cerebral cortex slice prepared at E14 24 hr after electroporation with Trnp1 shRNA and plasmids for Cre, FloxP-EGFP, and mKO2-F for sparse cytoplasmic and membrane labeling (Shitamukai et al., 2011) . White arrows and arrowheads indicate the bRG before and after cell division; red arrow indicates the multipolar daughter cell lacking a basal or apical process. See also Figures S4 and S5 , Table S1 , and Movies S1, S2, S3, and S4. Table S2 .
oSVZ in species with enlarged cerebral cortex size (Fietz et al., 2010; Hansen et al., 2010; Reillo and Borrell, 2012) . This results in considerable radial expansion and simultaneously generates additional radial fibers for lateral dispersion resembling the diverging radial fibers described for gyrencephalic brains by Smart et al. (2002) and Reillo et al. (2011) . This provides additional guiding structures for the higher numbers of neurons generated upon Trnp1 knockdown, and we could indeed observe their diverging lateral dispersion during fold formation by live imaging (see Movies S1, S3, and S4). Thus, acute downregulation of Trnp1 is sufficient to regulate the appearance of these hallmarks in a concerted manner, providing an entry point into the cellular and molecular dynamics regulating such complex processes. Live imaging and genome-wide expression changes upon Trnp1 knockdown allowed us to gain insights into the events leading to these remarkable phenotypes. Trnp1 knockdown had changed the cleavage angles such that more daughter cells lacking an apical anchor were produced, and live imaging confirmed that many more progenitors had delaminated from the apical surface already 24 hr after electroporation of shRNA against Trnp1 compared to controls. Consistent with these cell biological changes, we observed differential expression of molecules involved in apical anchoring of RGs (Table S2) , such as Nrp1, Robo2, Cdh6, and Cdh11 , and with GTPase activity, such as Trio, a RhoGEF involved in regulating apical constriction (Plageman et al., 2011) .
Besides delaminating, cells subject to Trnp1 knockdown actively proliferated at further basal positions of the expanded SVZ, as frequently observed by live imaging for cells with BP or bRG morphology. Again, microarray data revealed a molecular correlate to this behavior because genes promoting the maturation of BPs toward the postmitotic multipolar stage, such as Unc5d, NeuroD1, and NeuroD6 (Miyoshi and Fishell, 2012) , were downregulated (Table S2) , thereby delaying the progression from the early to the late multipolar stage (LoTurco and Bai, 2006) and maintaining BPs in the proliferative mode for a longer time. Interestingly, these genes are also regulated by FoxG1 (Miyoshi and Fishell, 2012) , whose expression resembles Trnp1 in as much as it is also high in VZ progenitors, then expression is reduced in SVZ progenitors but increased in postmitotic neurons.
Finally, live imaging also revealed an indication of a possible role of Trnp1 in postmitotic neurons because their migration was much faster when Trnp1 levels were reduced (Movie S1 as compared to Movie S2) in correlation with downregulation of proteins involved in regulating neuronal migration (Table S2) . Consistent with its endogenous expression, Trnp1 knockdown affected gene expression at various stages in the lineage progression from VZ to SVZ progenitors and differentiating neurons (Table S2) . Hence, Trnp1 affects all of these steps in a concerted manner thereby coordinating cellular behaviors that ultimately result in considerable radial expansion and gyrus formation in the cerebral cortex.
Phylogenetic Consideration
This striking phenotype raised the question of to what extent Trnp1 is relevant to regulating gyrification during phylogeny. The degree of cortical gyrification across phylogeny has been shown to correlate positively with the abundance of bRG. Because almost all mammalian superorders comprise species with smooth lissencephalic brains and also folded gyrencephalic brains, regulatory mechanisms may presumably be present in all mammals Kelava et al., 2012; García-Moreno et al., 2012) . Rather than the invention of a ''new'' gene in gyrencephalic mammals, such preexisting genes may have been co-opted via their differential regulation (True and Carroll, 2002) . Our findings showing that Trnp1 levels regulate the proportion of BPs and bRGs simultaneously support this hypothesis and provide a mechanistic basis for the finding that the proportion of bRGs and the extent of gyrification have changed several times during mammalian evolution Kelava et al., 2012) . Such mechanisms may also explain the selective expansion of some areas of the cerebral cortex. As a first step toward elucidating these fascinating questions, we show here that TRNP1 is also expressed in the VZ and neuronal layers of the developing human cerebral cortex, and quantitative differences in TRNP1 expression seemingly correlate with some of the regions undergoing more or less folding.
Our findings thus unraveled Trnp1 as a molecular factor involved in the regulation of both tangential and radial expansion of the cerebral cortex. This shows that the dynamic regulation of the expression of a single gene is sufficient to orchestrate the events required for gyrus formation even in a naturally lissencephalic cerebral cortex. Manipulations of Trnp1 levels further support a model by which dynamic regulation of one factor can contribute to differential expansion of distinct cortical regions controlling first tangential and then radial expansion of a given neocortical region. This scenario therefore provides a blueprint to study the cellular and molecular mechanisms of cerebral cortex expansion and folding.
EXPERIMENTAL PROCEDURES
Immunostaining, in utero electroporation, dissociated cell cultures, in situ hybridization, and retrovirus production were performed as described previously (Cappello et al., 2012; Flames et al., 2007) and are also available in detail in the Extended Experimental Procedures. All experimental procedures were performed in accordance with the regulations of the Helmholtz Center Munich, and animal experiments were approved by the government of upper Bavaria.
Plasmid Constructs
The coding sequence of Trnp1 was subcloned from pCMV-Sport6-Trnp1 (RZPD clone) into pCAG-GFP and pCAG-dsRed (pCAG destination vectors were a kind gift of Paolo Malatesta). To downregulate Trnp1 expression, three different shRNAs were cloned into pSUPER.GFP/Neo: shRNA #1, 5 0 -ACTCTGCATTGCTTCCCATACACTG-3 0 ; shRNA #4, 5 0 -GCAGAAAGG CAAGCCACTTCT-3 0 ; and shRNA #5, 5 0 -GATGGACGGCGTCATCTAC-3 0 , each targeting different regions of the 3 0 UTR of Trnp1-mRNA. The target region is not contained in the pCAG-Trnp1-GFP/dsRed vector which was therefore usable for rescue of the knockdown effect. Empty pCAG-GFP, pCAG-dsRed, and pSUPER-GFP.Neo vectors were used as controls. For detailed cloning strategy, see the Extended Experimental Procedures.
Human Tissue
Brain sections of human fetuses from spontaneous abortions were obtained from the Service of Pathology, Hospital Universitario Principe de Asturias, Alcalá de Henares, Spain. Brains were removed in routine necropsies in accordance with the Spanish law on clinical autopsies (Boletín Oficial del Estado [BOE] June 27, 1980, and BOE September 11, 1982) . After removal, brains were fixed by immersion in buffered 4% paraformaldehyde (PFA) at room temperature during 2 weeks. Then coronal blocks across the entire brain were obtained; these blocks were embedded in toto in paraffin and finally sectioned and stained. For additional methods, please see the Extended Experimental Procedures.
ACCESSION NUMBERS
Array data have been submitted to GEO (record GSE40582), and the following link allows review while it remains in private status: http://www.ncbi.nlm.nih. gov/geo/query/acc.cgi?token=tzcrzsuwmecogbu&acc=GSE40582. 
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